Abstract-Effects of carbachol on the Cat+-dependent action potentials were investigated in the canine ventricular muscle which was depolarized and made inexcitable by elevation of the extracellular concentration of K' ([K'].) to 30 mM. Regenerative action potentials ("the slow response") were induced by electrical stimulation at low frequency with high intensity (0.1 Hz, 5 msec duration and 5 mA). The amplitude of the slow response varied 31 mV for a tenfold change in [Ca2+]o. The amplitude and duration of the slow response were increased by isoproterenol (10-7 M) and were decreased by carbachol (3X10-6 M). The actions of carbachol on the slow response were antagonized by atropine (10-6 M). Propranolol (3 X 10-7 M) decreased the amplitude and duration of the slow response. In the presence of propranolol, carbachol (3x10-6 M) produced a further decrease in the amplitude and duration of the slow response. These results suggest that electrical stimulation induces the slow response which is augmented by catecholamines released from the adrenergic nerve endings in response to the stimulation and/or K+-depolarization. Carbachol depresses the slow response by its muscarinic action which may involve both ,"indirect" and "direct" effects, the former being the effect caused by counteracting the catecholamine-induced augmentation of the slow response and the latter, the effect irrespective of catecholamines.
The cholinergic nerves innervate the ven tricular myocardium, and this innervation plays an important role in the function of the canine heart (1, 2). It seems likely that both indirect and direct effects are involved in the production of cholinergic influence on ven tricular contractility; the indirect effect being induced by modulation of sympathetic effects on the canine ventricle (3) . The direct in hibitory action of acetylcholine (ACh) on ventricular contractility was suggested in a canine total heart bypass preparation (4), in a canine papillary muscle in situ (5), and in a blood perfused canine papillary muscle (6).
The direct negative inotropic action of ACh and carbachol was reported in isolated canine ventricular muscle (7, 8) . However, it was demonstrated that ACh has little effect on both electrical and mechanical activities in the isolated canine ventricular muscle (9). On the other hand, it was also reported that ACh significantly decreases the maximum rate of rise and tends to increase the duration of the Ca2+-dependent action potential (the slow response) restored by isoproterenol in the guinea-pig ventricular muscle partially depolarized by K+; but it does not affect the slow response restored by excess Ca2+ (10).
Furthermore, in canine Purkinje fibers, ACh antagonizes both the shortening of action potential duration induced by isoproterenol and the catecholamine-induced restoration of excitability to K+-depolarized fibers; but action potentials induced by superfusing fibers with Nat-free, high-Ca2+ solution are not affected by ACh (11). The conclusion drawn from these results leads to a view that the effect of ACh on the canine ventricle is not so striking, but may occur via a modulation of the action of catecholamines.
Recently, it has been clearly demonstrated by the single sucrose gap method that ACh decreases both the slow inward current and the time-dependent outward current without a change in the time-independent outward current in the guinea-pig papillary muscle (12). This direct inhibitory action of ACh on the slow inward current is a good explanation of the negative inotropic action of cholinergic drugs observed in the isolated canine ven tricular muscle (7, 8 . However, most preparations were able to be excited to produce action potentials (the slow response) by increasing stimulus duration (5 msec) and intensity (1-3 mA) and decreasing stimulus frequency. The slow response induced by electrical stimulation was stimulus intensity ( Fig. 1-A) and frequency ( Fig. 1-B) de pendent. Hence, in the following experiments, ventricular muscles were stimulated at a rate (Fig. 2) . Regression analysis showed that the slow response amplitude varied 31 mV for a tenfold change in [Ca2+]o.
Effects of isoproterenol (10-7 M) were studied in K+-depolarized ventricular muscle (1.8 mM [Ca 21]"). Isoproterenol reversibly increased the amplitude and duration of the slow response, and there was no change in the resting potential. The summarized results of experiments with isoproterenol are shown in Table 1 .
Effects of carbachol on the slow response in ventricular muscle depolarized by 30 mM K': Experiments were performed on tissues bathed in 30 mM K+ Tyrode solution contain ing normal (1.8 mM) Ca2'. When carbachol (3x10-6 M) was added to the superfusate, both the amplitude and the duration of the slow response were decreased. A further increase in stimulus intensity failed to recover the depression. The resting membrane poten tial was not changed by the addition of carbachol. The action of carbachol was observed at a concentration as low as 10-7 M and significantly at 10-6 M. The action of carbachol at a concentration of 10-5 M was variable probably because of its potent nicotinic actions. The decreases in the amplitude and duration of the slow response by carbachol (3 x 10-6 M) were completely reversed by addition of atropine (10-6 M). One of the results is shown in Fig. 3 , and the results are summarized in Table 2 .
Effects of propranolol on the slow response in ventricular muscle depolarized by 30 mM K': It might have occurred that the slow response was restored or modified by cate cholamines which were released from adrenergic nerve endings by K+-depolari zation and/or electrical stimulation. Experi ments were performed to study the effects the slow response. The summarized results are shown in Table 3 . It is worthy to note that the slow response obtained after application of carbachol alone was almost the same as that in the presence of carbachol plus pro pranolol (Tables 2 and 3) .
DISCUSSION
The present study showed that the slow response was induced by electrical stimu lation (0.1 Hz, 5 msec duration and 2-5 mA) in the canine ventricular muscle depolarized by 30 mM K+. The amplitude of the slow response varied 31 mV for a tenfold change in [Ca2+] o. This value is completely in agreement with the theoretical slope factor of 31 mV (at 37'C) predicted by the Nernst equation. This strongly suggests that during the slow response, inward current is mainly carried by Ca2+ (15-18). It is quite probable that catecholamines are released from the adrenergic nerves by electrical stimulation and/or K+-depolarization, and they restore the slow response by increasing Ca 21 con ductance. In order to eliminate this possibility, propranolol (3 x 10-7 M) was added to the superfusate. At this dose of propranolol, the effects of the catecholamines released from the adrenergic nerves can be selectively blocked in the canine (19) It has been reported that catecholamines increase both the slow inward current and the delayed rectifying outward current in mammalian Purkinje fibers (21) . In the present experiments, not only the amplitude but also the duration of the slow response induced by electrical stimulation was increased by addition of isoproterenol and decreased by the blockade of beta-adre noceptors. Hence, it appears that the effects of catecholamines on the slow response can be attributed mainly to an increase in the Ca2+ inward current (21) (22) (23) .
If catecholamines increase the delayed outward current in the ventricular muscle, the action potential duration should be shortened as in Purkinje fibers (11, 21) . However, isoproterenol did not shorten and propranolol did not prolong the duration of the slow response induced by electrical stimulation. These results suggest that catecholamines scarcely increase the delayed outward current in the canine ven tricular muscle depolarized by 30 mM K+. It was shown that ACh depresses the slow inward current and increases the time dependent component of the outward current through muscarinic receptors in the atrial muscle (24) (25) (26) . In the ventricular muscle, however, the action potential is not affected by ACh (9, 27); but the slow response restored by catecholamines or methylxan thines can be affected by ACh and carbachol (10, 20, 28). These results are confirmatory observations for explaining the "accentuated vagal -sympathetic antagonism" (2) . In the present experiments, carbachol decreased the amplitude and duration of the slow response induced by electrical stimulation; and the effects were abolished by atropine. A part of this inhibitory action of carbachol can be explained by the "accentuated antago nism" (indirect depression) because pro pranolol also significantly decreased the slow response. However, even in the presence of propranolol, the amplitude and duration of the slow response were significantly de pressed by carbachol. Therefore, this in hibitory action of carbachol must be the direct inhibition of the slow response, namely, carbachol directly decreases the slow inward Ca2+ current through muscarinic receptors. As mentioned in the results, the slow response obtained after application of carbachol alone was almost the same as that in the presence of carbachol plus propranolol. This suggests that the inhibitory actions of carbachol are the sum of the "Indirect" and "direct" ones.
Decreases in the outward currents by ACh were reported in the guinea-pig ventricular muscle (12) and in sheep Purkinje fibers (29) . It was reported that the duration of the slow response induced by isoproterenol was rather prolonged by ACh in the depolarized guinea pig papillary muscle (10), and the shortening of the action potential induced by isopro terenol was restored by ACh in canine Purkinje fibers (11). This prolongation of the duration in isoproterenol-treated fibers can be explained by the ACh-induced decrease in the outward currents (12, 29) . In the present study, the increase in duration of the slow response was not induced by carbachol. Therefore, in the K+-depolarized canine ven tricular muscle, carbachol hardly decreases the outward currents sufficiently to increase the duration of the slow response. The depression of the slow inward current must be a main cause of the decreases in the amplitude and duration of the slow response induced by electrical stimulation. From these results, it is concluded that the Ca2+-dependent slow response can be induced by electrical stimulation in the canine ventricular muscle depolarized by 30 mM K+. It is likely that the slow response is augmented by catecholamines released from the adrenergic nerve endings in response to the stimulation and/or K+ depolarization. Carbachol decreases not only the augmented slow inward Ca 21 current by released cate cholamines, "Indirect depression", but also the slow inward Ca2+ current in the absence of effects of catecholamines, "direct de pression". The slow response induced by electrical stimulation should be useful to characterize the slow inward Ca2+ current and also to study the effects of drugs which modify the slow inward Ca 21 current.
